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Abstract 


Porous carbon nanofibers (CNFs) enriched with the graphitic structure were synthesized by thermal decomposition from a mixture containing 
polyethylene glycol and nickel chloride (catalyst). The textural and electrochemical properties of porous CNFs were systematically compared 
with those of commercially available multi-walled carbon nanotubes (MWCNTs). The high ratio of mesopores and large amount of open edges of 
porous CNFs with a higher specific surface area, very different from that of MWCNTs, are favorable for the penetration of electrolytes meanwhile 
the graphene layers of porous CNFs serve as a good electronic conductive medium of electrons. The electrochemical properties of porous CNFs 
and MWCNTs were characterized for the application of supercapacitors using cyclic voltammetry, galvanostatic charge—discharge method, and 
electrochemical impedance spectroscopic analyses. The porous CNFs show better capacitive performances (Cs =98.4 F g7! at 25 mV s7! and an 
onset frequency of behaving as a capacitor at 1.31 kHz) than that of MWCNTs (Cs = 17.8 F g7! and an onset frequency at 1.01 kHz). This work 


demonstrates the promising capacitive properties of porous CNFs for the application of electrochemical supercapacitors. 


© 2007 Elsevier B.V. All rights reserved. 
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1. Introduction 


Electrochemical supercapacitors have been recognized as an 
efficient storage device for electric power because of its higher 
power densities than batteries and higher energy densities than 
electrolytic capacitors [1,2]. The relatively high energy density 
of supercapacitors depended on either the low-density mate- 
rials with high specific surface areas providing the electrical 
double-layer capacitance (non-Faradic process) [1-7] or the 
electroactive materials with high Faradaic pseudocapacitance 
[8—10]. The former devices are usually called electric double- 
layer capacitors (EDLCs), in which the capacitance comes from 
the electrolyte-electrode interface. The latter devices are called 
pseudocapacitors or captteries because the mechanism of energy 
storage within the electroactive materials is very similar to that of 
rechargeable batteries [1]. The energy storage system by a non- 
Faradaic process promises a fast charge/discharge rate, making 
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the EDLCs the best candidate for the demand of high power and 
long durability. 

One-dimensional carbon nanomaterials such as carbon nan- 
otubes (CNTs) [6] and activated carbon nanofiber (ACNFs) 
[11-15] recently have been studied extensively as an electrode 
material for EDLCs, because of its unique physico-chemical 
properties, such as large specific surface area, good electronic 
conductivity, and chemically stability in different solutions at 
wide temperature range [16,17]. The performances of EDLCs 
are dominated by the specific surface area and electronic con- 
ductivity of carbon materials. The increase of specific surface 
of carbon nanomaterials usually uses either physical or chem- 
ical activation methods. Physical activation utilizes steam or 
carbon monoxide as activating agents to create pore texture 
[{11,12,18—20]. Chemical activation with alkali compounds such 
as KOH or NaOH is a well-known technique to activate carbon 
materials with porous texture [13—15,21,22]. The pores created 
by activation are usually in the range of micropores (pore size 
<2 nm), which are inappropriate for the usage in EDLCs due to 
the slow rate of electrolyte diffusion. Since the size of hydrated 
ions is in the range of 6-7.6 A, the minimum effective pore size 
should be greater than 15 A [6]. Several studies revealed that 
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pore sizes in the range of 30+50A are required to maximize 
the capacitance in the EDLCs [23-25]. In contrast, if the pores 
are in the range of macropores (>50 nm), the hydrated ions are 
usually loosely bound to the surface layer and do not particularly 
contribute to the capacitance [6]. In order to create mesopores in 
carbon materials, template synthetic process is usually adopted. 
However, the method is complex and time-consuming since the 
templates need to be removed. Apart from the effect of pore size, 
the graphitic structure of the pore wall (edge) is also important to 
the efficiency of capacitance storage/delivery [26]. It has been 
claimed that the edge of the hexagon provides a more effec- 
tive surface than the basal plane [27-30]. As a result, a simple 
method to fabricate of one-dimensional carbon nanomaterials 
with mesoporous and graphitic structure are required for the 
above purposes so that the materials will be a promising candi- 
date for the electrode material in EDLCs. Based on the above 
considerations, porous carbon nanofibers (CNFs) is one of the 
candidates better than CNTs for using as an electrode mate- 
rial of EDLCs because of its unique structure, which exhibited 
graphitic structure, mesopores and open edges (easily to graft 
oxygen functional groups). Therefore, porous CNFs possess a 
good electronic conductivity and suitable pore size for elec- 
trolyte transport, which is considered as a good medium for 
the applications of EDLCs. 

In this work, we synthesized the porous CNFs from ther- 
mal decomposition of poly(ethylene glycol) (PEG) containing 
catalyst under desired temperature [31]. The nitrogen adsorp- 
tion isotherm was used to examine the mean pore size and pore 
size distribution. The synthesized materials and commercial 
multi-walled carbon nanotubes (MWCNTSs) were characterized 
by high-resolution transmission electron microscopy (HR- 
TEM), field-emission scanning electron microscopy (FE-SEM), 
thermogravimetric analysis (TGA), and Raman spectrumeter. 
The oxygen-containing functional groups on porous CNFs 
and MWCNTs were characterized by X-ray photoelectron 
spectroscopy (XPS). The electrochemical behavior of porous 
CNFs was investigated and compared with that of commer- 
cial MWCNTs using cyclic voltammetry (CV), galvanostatic 
charge-discharge, and electrochemical impedance spectrum 
(EIS). 


2. Experimental 
2.1. Preparation of porous CNFs 


Porous CNFs were prepared by thermal decomposition from 
a mixture of PEG and nickel chloride (NiCl2) at 600°C under 
nitrogen atmosphere. Details of the preparation process of 
porous CNFs were described in our previous work [31]. MWC- 
NTs (trade code: CN3003, purity 95%, diameter: 20-40 nm, 
Seedchem Company PTY.LTD) used here were commercial 
products prepared by a conventional CVD methods. Two car- 
bon nanomaterials were heated at 440 and 450°C in air for 
30 min in order to remove amorphous carbon and to expose 
the edge planes. The morphology of carbon nanomaterials was 
examined by FE-SEM (Hitachi S-4800) while HR-TEM (Philips 


TECNAI 20) was employed to observe the crystal structure and 
graphene layers arrangement. The Raman spectra were mea- 
sured at room temperature using a 3D Nanometer Scale Raman 
PL Microspectrometer (Tokyo Instruments, Inc., a 632.8nm 
He-Ne laser). TGA (Perkin-Elmer, Diamond TG/DTA) was 
conducted to investigate the oxidative stability of two carbon 
nanomaterials. Nitrogen adsorption—desorption isotherms were 
performed by an ASAP 2020 system at 77 K. The samples were 
degassed under vacuum at 200°C for 4h prior to the mea- 
surements. XPS measurements were performed with an ESCA 
PHI 1600 (Perkin-Elmer) spectrometer with Mg Ka radiation 
(hv = 1253.6eV). 


2.2. Electrochemical measurements 


Porous CNFs and commercial MWCNTs were served as 
the basic electrode constituents for the electrochemical inves- 
tigations for supercapacitor. These carbon derivatives were 
bound onto 10 mm x 10mm x 3 mm graphite substrates. Before 
coating, the substrates were abraded with ultrafine SiC paper, 
degreased with acetone and water, etched ina0.1 M HCI solution 
at room temperature (ca. 26 °C) for 10 min, and finally degreased 
with water in an ultrasonic bath. The exposed geometric area 
of these pretreated graphite supports is equal to 1 cm? while 
the other surface areas were insulated with polytetrafluorene 
ethylene coatings. Electrodes were prepared through the drop 
coating procedure. Carbon materials were ultrasonically dis- 
persed ina 95 wt.% ethanol solution with the concentration equal 
to 1 mgcm™?. The well-dispersed solution was dropped onto 
the pre-treated graphite substrate and dried at 85°C. The total 
loading on each electrode was kept approximately constant (ca. 
1 mg cm~?) through repeating the above procedure to avoid any 
unexpected influences. These electrodes were dried in a vacuum 
oven at 85°C overnight. The weight of each one-dimensional 
carbon nanomaterials was measured through a microbalance 
with an accuracy of 10 wg (Sartorius BP 21 1D, Germany). 

Electrochemical measurements were performed by means 
of an electrochemical analyzer system, CHI 633A (CH Instru- 
ments, USA). The EIS analyzer system, IM6 (Zahner) with the 
Thales software, was employed to measure and analyze the ac 
impedance spectra. The potential aptitude of ac is equal to 10 mV 
and its frequency range is from 100 mHz to 10 kHz. All experi- 
ments were carried out in a three-compartment cell. An Ag/AgCl 
electrode (Argenthal, 3 M KCl, 0.207 V versus SHE at 25°C) 
was used as the reference and a piece of platinum gauze with 
an exposed area equal to 4cm? was employed as the counter 
electrode. A Luggin capillary, whose tip was set at a distance of 
1-2 mm from the surface of the working electrode, was used to 
minimize errors due to iR drop in the electrolyte. The potentiody- 
namic measurements were performed by means of CV between 
O and 1 V at various scan rates. 

All solutions used in this work were prepared with 18 Mcm 
water produced by a reagent water system (MILLI-Q SP, Japan), 
and all reagents not otherwise specified in this work were Merck, 
GR. In addition, the electrolytes used to study the capacitive 
behavior of carbon nanomaterilas were degassed with purified 
nitrogen gas before measurements, and nitrogen was passed over 
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the solutions during the measurements. The solution tempera- 
ture was maintained at 25°C by means of a water thermostat 
(HAAKE DC3 and K20). 


3. Results and discussion 


3.1. Characterization of one dimensional carbon 
nanomaterials 


Fig. la and b show the SEM images of porous CNFs and com- 
mercial MWCNTs, respectively. Porous CNFs and MWCNTs 
were 40—60 nm and 20—40 nm in diameters, respectively. AHR- 
SEM image in Fig. 1c reveals that porous CNFs have rough 
surface and porous structure, which were different from the 
MWCNTs. Fig. 2a and b show the HR-TEM images of porous 
CNFs and commercial MWCNTs, respectively. It can be easily 
observed in Fig. 2a that the porous CNFs have disorder graphitic 
structure, graphitic pore walls, and open edges. The pores of 
porous CNFs have no regular shape and the pore size were about 
4-6 nm, which were suitable for the penetration of electrolytes 
for the application of EDLCs. It also shows obviously in Fig. 2b 
that the graphene layer of MWCNTs were parallel to the fiber 
axis and none pores were on the surface. 

Fig. 3a and b show the Cls XPS spectra of porous CNFs 
and MWCNTs, respectively. In order to obtain the quan- 
titative information of oxygen-containing functional groups 
on porous CNFs and MWCNTs, the software package XPS 
Peak 4.1 was used to fit the high resolution Cls peak. 
The Cls spectrum can be decomposed into six peaks cen- 
tered at 284.5+0.2, 285.1 +0.2, 286.2 +0.2, 287.5+0.2, 
288.9+0.2, and 291+0.2eV [32-35]. The main peak (peak 
1) at 284.5 +0.2eV was assigned to sp*-hybryidized graphite- 
like carbon atoms and in carbon atoms bound to hydrogen atoms. 
Peak 2 at 285.1 +0.2 eV can be assigned to sp?-hybridized car- 
bon atoms as in diamond-like carbon. The peaks 3-5 centered 
at 286.2 + 0.2, 287.5 + 0.2, and 288.9+0.2eV correspond to 
hydroxyl, carbonyl (or ether), and carboxyl (or ester), respec- 
tively. Peak 6 at 291.0 eV is expected to be the shake up feature 
of typical aromatic structures [35]. The relative area of these 
sub-peaks can be used to calculate the relative content of oxygen- 
containing functional group of porous CNFs and MWCNTs. 
Table 1 shows the relative content for each peak of the Cls 
spectra. The relative contents of three oxygen-containing func- 
tional groups (peaks 3-5) on porous CNFs are all higher than 
that on MWCNTSs. Due to the fact that the porous CNFs have 
large amounts of open edges and mesopores, they have more 
effective surface area than the basal plane of the MWCNTs. 
This property should be easier to graft functional groups during 


Table 1 
Relative content of functional groups in Cls from XPS spectra 


Fig. 1. SEM images of (a) porous CNFs and (b) MWCNTs; (c) HR-SEM image 
of porous CNFs. 


Carbon materials Surface functional group 


Peak 1 (%) Peak 2 (%) Peak 3 (%) Peak 4 (%) Peak 5 (%) Peak 6 (%) 
Porous CNFs 60.5 13.8 6.7 4.1 2.8 
MWCNTs 69.6 13.2 4.0 1.9 3.8 
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Fig. 2. HR-TEM images of (a) porous CNFs and (b) MWCNTs. 


the synthesis and purification processes. Therefore, the higher 
content of oxygen-containing functional groups and the unique 
textural characteristics of porous CNFs are expected to promote 
the contribution of pseudo-capacitance and electric double layer 
capacitance (see below). 

Fig. 4 shows the Raman spectra of carbon nanomaterials. 
Two characteristic peaks that lie at about 1330 and 1590 cm7! 
correspond to D-band and G-band, respectively. The D-band rep- 
resents defects, curved graphite sheets, dislocations, and lattice 
distortions in carbon structures [36]. The G-band is explained as 
the stretching vibration mode of graphite crystals [37]. The rel- 
atively peak intensity of G band to D band of porous CNFs and 
MWCNTs are about 0.93 and 0.79, respectively. These results 
suggest that two materials have approximately the same graphi- 
tization and electronic conductivity, which can be served as a 
good electronic conductor. Fig. 5 shows the TGA results of 
two carbon nanomaterials. Thermal oxidation of porous CNFs 
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Fig. 3. XPS Cls spectra of (a) porous CNFs and (b) MWCNTs. 


and MWCNTs occurs dramatically at the temperature about 500 
and 600 °C, respectively, indicating that the edge plane opening 
of porous CNFs is less stable than the basal plane of MWC- 
NTs. This result further supports the fact that porous CNFs are 
enriched with the open edges. 

The adsorption/desorption isotherms of nitrogen at 77 K on 
the carbon nanometerials were measured to gain an under- 
standing on the surface area by the BET method [38], pore 
volume by the single point calculation at a relative pressure 
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Fig. 4. Raman spectra of porous CNFs and MWCNTs. 
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Fig. 5. TGA curves of porous CNFs and MWCNTs. 
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Fig. 6. Nitrogen adsorption/desorption isotherms of porous CNFs and MWC- 
NTs. 


of about 0.98, and the mean pore size. Fig. 6 shows nitrogen 
adsorption/desorption isotherms of porous CNFs and MWC- 
NTs. Both the adsorption/desorption isotherms of porous CNFs 
and MWCNTs represented the type-II adsorption/desorption 
characteristics. The pore characteristics of both carbon nanoma- 
terials are shown in Table 2. The results show that porous CNFs 
have a larger specific surface area in comparison with that of 
MWCNTs, mainly contributed by the mesoporous structure. 
From all the above analyses, the microstructural character- 
istics of porous CNFs are beneficial to be used as an electrode 
material in the supercapacitor application because the graphitic 
structure of the pore wall (edge) [26] and the high specific surface 


Table 2 
Physical characteristics of porous CNFs and MWCNTs 
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Fig. 7. (a) Cyclic voltammograms of MWCNTs and porous CNFs measured in 


1 M HS, at 25 mV s~! under 25 °C. (b) Chronopotentiaograms of MWCNTs 


and porous CNFs measured in 1 M H2SOy at a current density of 10 A g~!. 


area of mesopore are positive to the utilization of capacitance 
during the charging/discharging process [23-25], and the higher 
content of oxygen-containing functional groups will enhance the 
contribution of pseudo-capacitance. 


3.2. Electrochemical characterization 


The capacitive behavior of MWCNTs and porous CNFs, 
examined by CV (Fig. 7a) at 25 mV s~! and choronopotentiaom- 
etry (CP, Fig. 7b) at 10 A g7! in 1 M H2SOu, shows the typical 
i-E responses of carbon materials. For both curves in Fig. 7a, the 
background current density negative to ca. 0.6 V on both posi- 
tive and negative sweeps with a broad pair of redox peaks around 
0.4-0.5 V is much higher than that obtained in the relatively pos- 
itive potential region. This phenomenon has been attributed to 
a combination of electrical double-layer charge/discharge and 
the redox transitions of interfacial oxygen-containing functional 


Carbon type BET surface area Average pore Pore volume fraction (%) Total pore volume 
2-1 diameter (A 3-1 
(m'g ) taheta: (A) Micropore Mesopore (m'g ) 
Porous CNFs 302 62 7 93 0.46 
MWCNTs 140 89 0 100 0.31 


C.-W. Huang et al. / Journal of Power Sources 172 (2007) 460-467 465 


groups resulting from the synthesis and/or purification processes 
[16,39,40]. Since the current density of porous CNFs is much 
larger than that of MWCNTs, the electric energy (and specific 
capacitance) stored in porous CNFs is much larger than that 
of MWCNTs. The much higher current density of the former 
carbon material is attributable to its higher specific surface area 
and higher content of surface functional groups (see below). The 
above statement is further supported by the potential-dependent 
choronopoteniogram of porous CNFs shown in Fig. 7b. For an 
ideal polarized electrode, the double-layer capacitance is only 
weakly dependent upon the applied potentials (1.e., dE/dt ~ a 
constant value). However, the CP responses of porous CNFs do 
not obey this phenomenon, revealing the significant contribution 
of redox reactions from surface functional groups although the 
charge curve is completely symmetric to its discharge counter- 
part, indicating the excellent reversibility. 

From Fig. 7, the specific capacitance of two carbon nanoma- 
terials can be easily estimated according to Eqs. (1) and (2) for 
CV and CP, respectively: 


__4 
2waAV 

Co i i 

w |dE/dt|}w  (AE/Anw 


Cs 


a) 


C; = (2) 


where Cs, C, w, i, q, AV, and (AE/At) represents the spe- 
cific capacitance, total capacitance, weight of carbon materials, 
current density of charge or discharge, integrated charges of 
CVs, potential window of CV, and mean slope of the charge 
or discharge curves in the investigated potential range. From 
CVs shown in Fig. 7a, the specific capacitance of MWCNTs 
and porous CNFs (measured at 25mVs~!) is equal to 17.8 
and 98.4 F g~!, respectively, which are very close to the values 
estimated from CPs (measured at 10 A g7!); 17 and 98Fg7!, 
respectively. 

In general, the capacitance contributed by the electrical dou- 
ble layers should be directly proportional to the specific surface 
area (denoted as Sa) of electrode materials [41-43]. From 
Table 1, itis clear that S4 of porous CNFs is about two times of 
that of MWCNTs but its Cs is almost six times of that of MWC- 
NTs. This novel phenomenon may be attributed to a combined 
effect of the pore structure/distribution and the surface functional 
group content between these two kinds of carbon nanomateri- 
als. From the SEM images in Fig. 1, the surface of porous CNFs 
is much rougher than that of MWCNTs, which is enriched with 
nano-apertures also clearly observed in the TEM photographs in 
Fig. 2a. In addition, the HR-TEM image and BET analysis reveal 
that the surface of porous CNFs is irregular and the pore size 
is mainly distributed from about 4 to 6nm, which are favorable 
for the diffusion of hydrated ions during the charge/discharge 
of the electric double layers [6,23—25]. Furthermore, the higher 
Sa of porous CNFs should provide more loci for the forma- 
tion of surface functional groups enhancing the contribution of 
pseudocapacitance. Therefore, porous CNFs show the unique 
merit of combining pseudocapacitance and electric double layer 
capacitance, resulting in their much higher specific capacitance 
in comparison with MWCNTs. 
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Fig. 8. Dependence of voltammetric currents on the scan rate of CV for (a) 
MWCNTs and (b) porous CNFs measured in 1 M H2SOu; (c) dependence of 
specific capacitance loss on scan rate of CV from 2 to 300 mV s7!. 


One of the main purposes of employing porous CNFs is to 
improve the power property of carbon-based materials for the 
supercapacitor application. This effect can be clearly demon- 
strated from the dependence of capacitive current densities on 
the scan rate of CV (see Fig. 8a and b). The quasi-linear depen- 
dence of the current density on the scan rate varying from 2 to 
300 mV s~! does indicate the highly reversible charge/discharge 
responses of both MWCNTs and porous CNFs in 1M H2SOgq. 
This result is reasonably attributed to the mesoporous nature of 
both carbon materials, resulting in the high ionic conductivity 
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within the electrode materials. In addition, the superficial redox 
transitions of electroactive groups with highly electrochemical 
reversibility have been proposed as follow [1,16]: 


O=Ph=0 + 2H* +2e <> HO—-Ph—OH (3) 
R=0 + H? +e <+> R-OH (4) 


where Ph and R indicate the phenyl and aliphatic groups, respec- 
tively. Hence, both materials show the high-power property, 
satisfying one of the basic requirements for the electrode mate- 
rials of supercapacitors. 

Fig. 8c shows the dependence of specific capacitance of 
MWCNTs and porous CNFs on the scan rate of CV obtained in 
1 M H2S034. The specific capacitance of porous CNFs is gradu- 
ally decreased from ca. 113 to 82 F g7! when the scan rate of CV 
is increased from 2 to 300 mV s7}, indicating a 28% loss in Cs. 
A similar but less obvious phenomenon is found for MWCNTs, 
revealing a smaller loss in the specific capacitance (ca. 20%). 
The above minor dependence of the electrochemically accessi- 
ble area on the scan rate of CV reflects the feasibility in building 
the electric double layers within mesopores and the high redox 
reversibility of surface functional groups. This important merit 
of carbons mainly consisted of mesopores (i.e., porous CNFs and 
MWCNTs) is very different from the charge/discharge behavior 
of activated carbons enriched with micropores [44]. Note that 
the specific capacitance of porous CNFs is always much larger 
than that of MWCNTs in the whole range of scan rates mean- 
while the quasi-linear dependence of i on the scan rate of CV 
is visible for both carbon nanomaterials. These results indicates 
the much higher energy and power densities of porous CNFs is 
comparison with that of MWCNTs even when the scan rate is 
up to 300 mV s7!. 

The EIS analysis, representing as Nyquist plots (see Fig. 9), 
is used to demonstrate the unique capacitive characteristics of 
porous CNFs. Since MWCNTs generally show excellent EIS 
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Fig. 9. Nyquist plots for (a) MWCNTs (solid-line) and (b) porous CNFs 
(dashed-line) electrodes measured at 0.5 V in 1 M H2S03. Inset: Data in the 
high-frequency region. 


responses in aqueous media, the result measured from this mate- 
rial is used for a comparison purpose. Note that the equivalent 
series resistance (ESR) of the porous CNFs electrode, estimated 
from the diameter of the impedance arc in the high-frequency 
region, is close to that of MWCNTs. This result indicates that the 
ESR of porous CNFs is as low as that of MWCNTs, which are 
an excellent electronic conductor [45]. This phenomenon is rea- 
sonably due to the enriched graphitic structure of the pore walls 
for both materials. In the medium frequency region, the “onset” 
frequency for the MWCNTs electrode behaving as a capacitor is 
equal to ca. 1.04 kHz. Since the onset frequency is defined as the 
frequency where the lowest image impedance occurs or the fre- 
quency where the impedance starts to be dominated by the image 
(capacitor) part in the medium frequency region, MWCNTs are 
considered to behave as a capacitor behind this frequency. More- 
over, the higher the onset frequency of an electrode material 
is, the higher power density of this material can be achieved. 
Accordingly, the higher onset frequency (1.31 kHz Hz) of porous 
CNFs reveals its higher power property than that of MWCNTs, 
which is consistent with the results obtained from CVs. Also note 
that the impedance of the porous CNFs electrode (i.e., dashed- 
line curve) in the image part measured at any specified frequency 
is smaller than that of the MWCNTs (i.e., solid-line curve). This 
result accounts for the higher specific capacitance of the porous 
CNFs electrode, which is consistent with the CV and CP results. 
All the above results reveal that porous CNFs with low ESR, 
high power characteristics, and excellent maintenance of spe- 
cific capacitance under the high power operation is a promising 
electrode material for the application of supercapacitors. 


4. Conclusions 


In this study, porous CNFs enriched with the graphitic struc- 
ture, mesopores (4—6 nm), and open edges were prepared from 
thermal decomposition of a mixture containing PEG and NiCl. 
The enriched open edges of porous CNFs are easier to graft the 
oxygen functional groups than the basal-planes of MWCNTs. 
Porous CNFs are of good electronic conductivity, higher spe- 
cific surface, suitable pore size, and higher content of surface 
oxygen functional groups. These unique properties of porous 
CNFs are favorable for the diffusion of hydrated ions during the 
charge/discharge within the electric double layers and provide 
more effective surface area than the basal plane of MWCNTs. 
The specific capacitance of porous CNFs measured at 25 mV s7! 
in 1 M H2SOz4 is 98.4F g7! which is six times of that of com- 
mercial MWCNTs. The charge/discharge responses of porous 
CNFs are as ideal as that of MWCNTs although the surface of 
the former materials is enriched with oxygen-containing func- 
tional groups providing significant pseudo-capacitance. From 
the EIS study, the electronic conductivity of porous CNFs is 
very similar to that of MWCNTs meanwhile the onset frequency 
(1.31 kHz Hz) of porous CNFs behaving as a capacitor is higher 
than that of MWCNTs (1.01 kHz Hz). The low ESR, high power 
characteristics, and excellent maintenance of specific capac- 
itance under the high power operation elucidate that porous 
CNFs are a beneficial electrode material for the supercapacitor 
application. 
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